Introduction {#sec1}
============

Surface-active agents (surfactants) are one of the most commonly used compounds in both daily life as well as in diverse industrial processes. The ability of surfactants to partition at the interface makes them ideal candidates for influencing the surface properties even in very small concentrations.^[@ref1],[@ref2]^ In addition to the equilibrium state of adsorbed surfactants at the interface, the kinetics at which the surfactants adsorb to the interface is also important in certain processes that involve fast wetting.^[@ref3]−[@ref6]^ For example, in ink-jet printing and pesticide spraying in agriculture, the wetting of surfaces takes place on time scales that can be of the order of milliseconds; consequently, the adsorption kinetics of surfactant molecules to the drop surface is of critical importance for the final result. In addition, adsorption at the liquid/air interface is of particular interest for studying the nucleation and growth of aerosol particles and other related atmospheric phenomena.^[@ref7]−[@ref9]^ In this regard, the understanding of time-dependent adsorption of different compounds at the interface and their interdependence is of crucial importance for atmospheric chemistry.

In principle, immediately after the (instantaneous) creation of a new surface in a surfactant solution, the surface tension has the same value as that of the pure liquid. Subsequently, the adsorption of surfactant in time at the interface leads to the decrease of the surface tension of the liquid until the equilibrium value in the presence of surfactants is reached. The dynamic surface tension (DST) is therefore controlled on the one hand by the nature of the surfactant, for example, chain length, size, and charge of the polar head, and on the other hand by the nature of the liquid and the presence of other additives. In many applications, salts are present or added as an extra additive to enhance the performance of surfactants. Salts can significantly affect the equilibrium surfactant behavior by changing the critical micellar concentrations (CMC), equilibrium surface tensions (γ~eq~), aggregation number, or Krafft temperature.^[@ref10]−[@ref15]^ However, the effect of salts on the DST has received much less attention. Most of the results reported in the literature are limited to the small concentrations of salts (millimolar),^[@ref16]−[@ref19]^ although in several applications, like in crystallization control processes, the salt concentration reaches to very high levels (several molar for NaCl) before salt precipitation.

Beginning in 1907, Milner first suggested that the kinetics of adsorption of a specific surfactant (Sodium oleate) to the interface was limited by diffusion in the bulk of the solution.^[@ref20]^ Later, Adam and Shute noted that for some surfactants, the adsorption process was slower than what could be expected from the diffusion of surfactant molecules to the interface.^[@ref21]^ They proposed the presence of adsorption barriers to be responsible for slower adsorption of the surfactants to the interface. Reviewing DST data for different surfactants, most studies to date report the adsorption to be controlled by diffusion.^[@ref22]−[@ref25]^

In this study, we investigate both the equilibrium and dynamic behavior of the surfactants in the presence of sodium chloride at concentrations ranging from very low to very high, that is, the solubility limit of NaCl. We find that the kinetics of the ionic surfactant are rather fast compared to the nonionic one and both agree with the above mentioned notion of diffusion-limited adsorption. However, the dynamics of surface tension equilibration slows down dramatically for the ionic surfactant in the presence of a high concentration of salt.

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

The cationic surfactant CTAB (\>99% pure; Sigma-Aldrich) and the nonionic surfactant Tween 80 (polysorbate 80, Ameresco, proteomics grade) were chosen because of their exceptional stability in solution at high NaCl concentration; as we have shown previously,^[@ref26]^ most surfactants are very sensitive to large amounts of salt and precipitate at high salt concentrations. Stock solutions of CTAB (4 mmolal) and Tween 80 (0.1 % wt, or 0.15 mmolal) were prepared with deionized Millipore water and were later diluted to make smaller concentrations. NaCl (Sigma-Aldrich, \> 98% pure) at different concentrations was subsequently added to the surfactant solutions to make the ternary CTAB/NaCl/water and Tween 80/NaCl/water systems. The solutions were stirred and left to stabilize overnight. Densities of both binary and ternary solutions were measured by weighing a precise volume of the solution. We observed that the density of the surfactant solution remains the same as water (0.998 g/mL) for all the concentrations of the surfactants used. For the ternary solutions, that is, surfactant--salt solutions, the density of the solution was the same as the salt solution at this particular concentration \[e.g., 1.18 g/L for 5.5 molal (m)\]. Viscosities of both binary and ternary systems were measured using an Anton Paar MCR 302 rheometer equipped with a 50 mm 1-degree cone-plate geometry. The viscosities of surfactant solutions were the same as that of pure water (η = 0.001 Pa·s). For the ternary solutions, the viscosities were seen to be equivalent to the viscosity of the pure salt solutions (up to η = 0.0018 Pa·s for the highest salt concentration (5.5 m). Moreover, the viscosities remained constant over the range of shear rate measured ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), showing that the addition of salts to these surfactant solutions does not affect the shape of micelles in the solution, as has been reported in studies on other surfactants or under different conditions.^[@ref27]−[@ref31]^

![Viscosity (η) as a function of shear rate for binary and ternary surfactant solutions. Filled symbols correspond to binary aqueous solutions, and open symbols correspond to ternary solution with 5.5 m NaCl. (Black squares: water; red circles: 0.9 mM CTAB; and blue triangles: Tween 80).](la0c01211_0001){#fig1}

Methods {#sec2.2}
-------

### Equilibrium Surface Tension Measurements {#sec2.2.1}

The equilibrium surface tension at different surfactant concentrations at a given salt concentration was measured by using a Kruss K100 tensiometer based on the du Noüy^[@ref32]^ ring method equipped with two microdispensers for an automatic dilution system. When working with ternary surfactant--salt solutions, the dilution was achieved by using salt solutions, at the same salt concentration, as the ternary solution in order to keep the salt concentration constant throughout the measurement.

### Dynamic Surface Tension {#sec2.2.2}

For DST measurements, depending upon the time scale of the surface tension decay, two different instruments were used. For pure surfactant solutions, with fast decay times of the surface tension (of the order of tens of milliseconds), the measurements were done by using a Kruss Maximum Bubble pressure (BP50) tensiometer. The maximum bubble pressure method has been widely used for measuring DST of surface tension.^[@ref18],[@ref33]−[@ref35]^ With the help of this instrument, the dynamics in the range of 14 milliseconds to 16 s has been measured. Unlike earlier versions, the latest model of BP50 controls the surface age instead of bubble frequency, thereby avoiding hydrodynamic errors and errors arising from dead time. For longer time-scale dynamics, a Kruss Easy Drop tensiometer based on the pendant drop method was used. The latter measures the surface tension by fitting the shape of the droplet to the Laplace equation, balancing interfacial tension and gravity. The adsorption of surfactants at the interface results in a change of the shape of the droplet in time from which surface tension can be deduced as a function of time. The time interval between each measurement was set to 1 s, and measurements were taken until the surface tension reaches its equilibrium value. In order to prevent the evaporation of droplet and hence concentration changes, the measurements were carried out in a controlled humidity chamber, in which the relative humidity was maintained at the equilibrium relative humidity above the solution throughout the measurement.

Results and Discussion {#sec3}
======================

Cationic Surfactant CTAB {#sec3.1}
------------------------

### CMC and Surface Excess Concentration of CTAB in the Presence of NaCl {#sec3.1.1}

The impact of salt on the CMC and the surface excess concentration, Γ, was investigated by measuring the equilibrium surface tension of CTAB solutions as a function of the concentration of the surfactants at different NaCl concentrations. As can be observed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, the addition of NaCl to the CTAB solution shifts the CMC of CTAB rather drastically: from 9 × 10^--4^ molar without salt to 2 × 10^--5^ molar at high NaCl concentration (5.5 m). In addition to the decrease of the CMC, the addition of salt lowers the equilibrium surface tension at the CMC (Δγ~cmc~ ∼ 5 mN/m). These observations qualitatively agree with the earlier findings reported in the literature^[@ref36],[@ref37]^ and at the same time extends these to (much) higher salt concentrations. The decrease of the CMC in the presence of electrolytes can be explained by the fact that the salt anions screen the electrostatic repulsion between the cationic head groups of the CTAB molecules, thereby facilitating their aggregation into micelles. With the addition of salt, fewer monomers will thus be present in the solution in equilibrium with micelles. It is interesting to note that the shift of the CMC to lower concentration happens until a certain concentration of NaCl (∼0.2 m), after which it remains constant (see black triangles in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). This suggests that the maximum charge screening by the counterions is already reached, and the addition of more salt to the solution does not change the situation very much. The surface excess concentration (Γ) of the surfactant was determined from the slope of the curves, below the CMC ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) using the Gibbs adsorption isotherm ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"})where *n* is the degree of dissociation of the surfactant (2 in case of CTAB if the Br^--^ ion is split off), γ is the equilibrium surface tension, and *C* is the concentration of CTAB. The results are plotted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. The red line shows the surface excess in the absence of NaCl, using *n* = 2 in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, being 2.45 × 10^--6^ mol/m^2^. As it is not a priori clear if upon adding salt, the surfactant forms ion pair with excess Cl^--^, and we calculate surface excess for both *n* = 1 (nondissociating ion pair) and *n* = 2 (dissociating). The results are depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b in green and red squares. For *n* = 2, describing the case that the presence of NaCl has no influence on the dissociation of CTAB. The data indicate that in the presence of salt, the surface excess concentration decreases by a factor of 2. This seems unlikely, because as mentioned before, the main action of the salt should be to screen electrostatic interactions between the charged head groups, enabling the surfactants to pack more efficiently at the surface. However, if we assume ion-pair formation and thus *n* = 1, the surface excess concentration does not change upon adding salt. As such, we conclude a similar packing of molecules at the surface with and without salt is present because of the charge being screened by the counterions that are then bound to the surfactant.

![(a) Equilibrium surface tension as a function of CTAB concentration in the presence of different NaCl concentrations and (b) CMC and surface excess as a function of different NaCl concentrations used (Red line shows the surface excess concentration of pure CTAB solution).](la0c01211_0005){#fig2}

To prove that the surfactant behavior at the interface is not changing significantly upon adding salt, we performed sum-frequency generation (SFG) spectroscopy. In SFG, a broadband infrared laser beam exciting molecular vibrations and a narrow band near-visible laser beam are overlapped in space and time at the interface. Because of the selection rule of the method, this process is forbidden in centrosymmetric media like bulk water. If the infrared light is in resonance with a molecular vibration, the sum-frequency signal is strongly enhanced. As such, the vibrational spectrum of only interfacial molecules is obtained. Here, we have probed the C--H stretch vibrations of the surfactants and the O--H stretch vibrations of the water molecules at the liquid/air interface. The result is depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} for a 0.9 mM CTAB solution without and with 5.5 m NaCl. The peaks below 3000 cm^--1^ are C--H stretch vibrations and hence serve as signatures for the presence of CTAB at the interface. The signal above 3000 cm^--1^ originates from the water O--H stretch vibrations near the interface. The charge of the surfactant aligns the water molecules resulting in a large symmetry breaking and thus a relatively large O--H stretch signal.

![SFG spectra of CTAB (a) in the absence of salt (b) with 5.5 m NaCl. (c) Comparison of intensities of exclusively the peaks corresponding to C--H modes based on fits of (a,b). \[Please note the different scale on the *y*-axis for panel (a,b)\].](la0c01211_0006){#fig3}

Upon adding salt, the water signal diminishes roughly by a factor of 10. Please note the different *y*-axis scale, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. This strong reduction clearly demonstrates that the effective surface charge has been reduced because of screening of the charge by Cl^--^ ions. As a result, the water molecules are less aligned. The C--H signals seem also to reduce. However, because of interference with the water signal, it is impossible to draw conclusions about the C--H signals without analyzing the data quantitatively. The black lines in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b are fit with the Lorentzian lineshape model.^[@ref38]^ Both datasets can be described with almost the same parameters for the C--H vibrations, see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c. The structure of the surfactant layer is apparently not changing significantly upon adding salt, consistent with the conclusion drawn above assuming ion-pair formation for CTAB.

### DST of Pure CTAB Solutions {#sec3.1.2}

The DST of binary CTAB solutions (CTAB + water) was measured at a different concentration of CTAB, both below and above the CMC, by the maximum bubble pressure method, using Kruss BP50. The data obtained are presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. It can be seen that at higher surfactant concentrations, the equilibrium surface tension is reached faster.

![Surface tension as a function of time for different concentrations of CTAB measured by the maximum bubble pressure method.](la0c01211_0007){#fig4}

In order to quantify the dynamics, for each concentration of surfactant, we determine the characteristic time (τ), which is the time needed to reach half of the total decrease of γ and is thus obtained byWith γ~0~ and γ~∞~ being the initial and the equilibrium values, respectively.

For a diffusion-controlled surfactant adsorption, the mechanism reported by Ward and Tordai^[@ref39],[@ref40]^ proposed that the characteristic time should vary with the surfactant concentration as 1/*c*^2^, as in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}where *D* is the diffusion coefficient of surfactant molecules, Γ is the surface excess concentration, and *c* is the concentration of the surfactant in the solution. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the characteristic time is plotted against the concentration of CTAB for a range of concentrations, which fall well above and below the CMC.

![Characteristic time determined from DST plots ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) as a function of surfactant concentration.](la0c01211_0008){#fig5}

Initially, τ decreases rapidly as a function of concentration. However, as the concentration reaches above CMC, there is very little change in the characteristic time ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Moreover, the slope of the initial part of the log--log curve is −2, confirming that τ varies as 1/*c*^2^, and hence, the adsorption mechanism of the surfactant to the interface in this range of concentration is diffusion controlled, which is in agreement with the studies done on CTAB by Bain et al.^[@ref41]^ In the second part of the curve, the variation of τ with concentration is minimal because as soon as the CMC is reached, there is no significant change in the monomer concentration of surfactant with increasing surfactant concentration anymore. This confirms that the adsorption is greatly affected by the concentration of surfactant monomers, and that the presence of micelles makes no difference in the adsorption dynamics. This is consistent with the theory of Ward and Tordai, which takes only monomer concentration into consideration while correlating it with the characteristic adsorption time.

Moreover, for concentration further above CMC, the slope does not remain quadratic anymore, implying that the higher concentration of ionic micelles leads to deviation of adsorption mechanism from purely monomer diffusion controlled to adsorption barrier or mixed diffusion--adsorption barrier controlled. Earlier studies by Ritacco et al.^[@ref18]^ and Svitova et al.^[@ref17]^ suggested the role of electrostatic adsorption barrier in the dynamics at pre-CMCs of CTAB, but our results at high salt concentrations suggest no such effect until a certain concentration above the CMC (∼3 × CMC) is reached, after which an adsorption barrier does seem to play a role.

### DST of CTAB Solutions with a Fixed NaCl Concentration {#sec3.1.3}

We proceed to investigate the influence of high salt concentration on the adsorption mechanism of the ionic surfactant CTAB. Although keeping the concentration of NaCl constant and changing the surfactant concentration, we again observe that the equilibration time decreases with increasing the surfactant concentration ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). However, the dynamics become very slow compared to what was observed in pure surfactant solutions. The dynamics changes from the time scale of milliseconds to tens of seconds, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. An important point which needs to be noted here is that we could measure only the concentrations above the CMC. The reason being that the salts decreased the CMC to very low concentrations and also increased the equilibration time, which eventually makes DST measurements for pre-CMCs unfeasible.

![Surface tension as a function of time for different CTAB concentrations and fixed NaCl concentration (5.5 m), measured by the pendant drop method.](la0c01211_0009){#fig6}

We employ the same approach as used for the pure CTAB solutions and deduce the characteristic time and correlate it with the CTAB concentration. The results, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, show a major difference from the pure surfactant case in the way that the characteristic time τ seems to be dependent on 1/*c* in contrast to 1/*c*^2^, as in the case of pure CTAB solution.

![Characteristic time as a function of CTAB concentration with 5.5 m NaCl. (The red arrow shows the CMC of CTAB in the presence of 5.5 m NaCl).](la0c01211_0010){#fig7}

As apparent from [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the characteristic time exhibits a 1/*c*^2^ dependence below the CMC while above the CMC, the dependence is much weaker. The 1/*c* dependence found here is then likely because of a combination of factors, of which the most important one is the shift of the CMC induced by the salt. Other factors could be that the high concentration of salt changes the diffusion constant or changes the properties of the surfactant itself. For the former, the high concentration of salt changes the viscosity by roughly a factor of 2 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), which is too small to account for the observed change of more than an order of magnitude. For the latter, even if the surfactant forms ion pairs with the added salt, this should not affect the dynamics very significantly either. If anything, the charge neutralization by ion-pair formation rules out the possibility of any electrostatic barrier, which would slow down the adsorption. As far as the change in the surfactant monomers is concerned, the addition of salt leads to 2 orders of magnitude decrease in CMC, which in turn means that the concentration of monomers drops drastically in the presence of salt. The Ward and Tordai model accurately describes the characteristic time in terms of the monomer concentration, suggesting that the dramatic increase in the characteristic time is simply because of the lowering of the CMC. The linear instead of quadratic dependence of characteristic time, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, is likely due to the fact that all these concentrations are above CMC, and hence, the micelles rather than monomers are playing a central role in determining the adsorption dynamics, similar to the regime change that was seen above CMC in pure CTAB solutions ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). In a study by Song and Yuan^[@ref42]^ using fluorescence microscopy, the transport of micelles from the bulk to interface and their demicellization in the subsurface was visualized. They suggested a combined influence of micellar diffusion and monomer adsorption on determining the overall adsorption kinetics. With the addition of salt, we have abundance of micelles, and hence, their diffusion is likely to play a major role. We will show below, after having discussed the results for Tween 80, that the Ward and Tordai model can quantitatively explain our data.

We confirm the transfer of CTAB molecules from the bulk to the interface as a function of time by taking kinetic SFG spectra with a time interval of 1 min. The signals below 3000 cm^--1^ represent the CTAB molecules at the interface. The results for pure 0.1 mM CTAB solution, as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a, show no change in the SFG spectrum with time, suggesting that the interface is already saturated as soon as the first kinetic spectrum is recorded. However, the results for 0.1 mM CTAB in the presence of 5.5 m NaCl, as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b, show an increase in the peak intensity with time. This confirms that the slower dynamic surface tension is directly correlated to the concentration of CTAB molecules at the interface.

![Kinetic SFG spectra of (a) 0.1 mM CTAB and (b) 0.1 mM CTAB + 5.5 m NaCl.](la0c01211_0011){#fig8}

Anionic Surfactant---Tween 80 {#sec3.2}
-----------------------------

### CMC and Surface Excess Concentration of Surfactants in the Presence of NaCl {#sec3.2.1}

Now in order to isolate the effect of polar heads of the cationic surfactant CTAB on the presence of salt, we investigate the influence of salts on the CMC of the nonionic surfactant Tween 80. In the same way as CTAB, the equilibrium surface tension as a function of Tween 80 concentration is measured in the pure Tween 80 solution as well as with the addition of different concentrations of NaCl. In literature, it has been reported that, like ionic surfactants, salts have depreciating influence on the CMC of nonionic surfactants also.^[@ref10],[@ref43],[@ref44]^ However, in our experiments, the addition of NaCl has no effect on the CMC of Tween 80, which is around 1.5 × 10^--5^ molar. In addition, as the slope of the "γ~eq~" versus concentration plot does not change with the addition of salt, the surface excess concentration is also not affected by the addition of salt. The surface excess concentration (Γ) of the surfactant is found to be (Γ = 8.5 × 10^--7^ mol m^--2^) using the slope of one of the curves, as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}.

![Equilibrium Surface tension (γ~eq~) as a function of Tween 80 concentration for different salt concentrations. CMC ∼ 1.5 × 10^--5^ molar and the Γ ∼ 8.5 × 10^--7^ mol m^--2^.](la0c01211_0012){#fig9}

### DST of Tween 80 (with and Without NaCl) {#sec3.2.2}

In the same way as for CTAB, the DST of Tween 80 solutions was measured for (i) pure Tween 80 solutions and (ii) different Tween 80 concentrations at constant NaCl concentration.

In view of the slow surface tension decay with time, the pendant drop method was used to measure the time-dependent surface tension. The results, as shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a, show that the characteristic time decreases with the increase in the concentration of Tween 80, However, the time scale, in which the surface tension reaches to equilibrium, is of the order of tens of seconds in contrast the millisecond time scale as in the case of CTAB. Moreover, the addition of salt to the solution ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b) does not substantially affect the time scale of reaching the equilibrium value.

![Surface tension as a function of time for (a) binary (Tween 80 + water) and (b) ternary solutions (Tween 80 + NaCl (5.5 m)+ water) measured using the pendant drop method.](la0c01211_0002){#fig10}

In order to determine the mechanism of adsorption of the surfactant molecules to the interface, the characteristic time was determined for both binary and ternary solutions, as described previously, and plotted as a function of the concentration of Tween 80 ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}). First, for pure Tween 80, the characteristic time varies as 1/*c*^2^, which suggests that the transport of surfactant molecules to the interface is diffusion controlled. The addition of salt does not affect this behavior.

![Characteristic time (determined from the DST data of [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}) as a function of Tween 80 concentration.](la0c01211_0003){#fig11}

Although the DST data agree with the Ward and Tordai model and confirm that the adsorption is diffusion controlled, the question remains why the process is so slow. For this, we once again refer to the earlier explanation considering the surfactant monomer concentrations. As is clear from [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, the CMC of Tween 80 is very low compared to most common surfactants, which means that the monomer concentration stops to increase at a very low concentration. Hence, as in case of CTAB with NaCl, the small number of monomers present at a certain time is responsible for the slow adsorption of Tween 80. The applicability of Ward and Tordai equation, even in the micellar concentrations, suggests that Tween 80 micelles have negligible influence on the adsorption kinetics. Because of neutral nature, the micelles do not cause any electrostatic effects, and micelle diffusion and dissociation equilibria do not seem to be playing a significant enough role either. Moreover, in cases of Tween 80, the addition of salt does not change the CMC and thus also not the concentration of monomers. As a result, no change in the adsorption dynamics upon addition of salt ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b) is observed. Noskov et al.^[@ref45],[@ref46]^ studied the adsorption of neutral polymer chains and the influence of salt on it. They reported that addition of salt made the adsorption kinetics faster, and the adsorption rate was proportional to the salt concentration. We do not see any enhancement of adsorption rate by adding salt, and the reason could be that in case of polymer chains, the salts are affecting the chain configuration, which is not the case in Tween 80. In order to get a perspective of the very low monomer concentration and its influence on DST, we plot the characteristic time for the concentrations closest to the CMC along with the characteristic times for CTAB (plotted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The data points corresponding to CTAB + NaCl fall on the same trend line as in case of pure CTAB ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}). This confirms that it is actually the reduction in the number of monomer molecules causing the slow dynamics. Hence, the mechanism, in which the salt slows down the adsorption, is by favoring the micellization, which leads to decrease in the monomer concentration.

![Extrapolation of τ vs *c* graph for CTAB ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) to lower concentrations while adding the data points from CTAB + NaCl to illustrate the correlation of characteristic time with monomer concentration. This lends one more confirmation to the argument that the concentration of monomers determines the DST trends despite the presence of large quantities of electrolyte impurities.](la0c01211_0004){#fig12}

Conclusions {#sec4}
===========

The effect of salt (sodium chloride) with concentrations up to 5.5 molal on both equilibrium and DST properties is studied for an ionic (CTAB) and nonionic (Tween 80) surfactants. In case of equilibrium surface tension, we show that the salt affects the CMC and the equilibrium surface tension only in case of an ionic surfactant. The CMC of ternary CTAB solutions is shifted to lower concentration, and the equilibrium surface tension is also reduced (Δγ~CMC~ ∼ 5 mN/m). The shift of the CMC occurs up to a certain concentration of NaCl, after which it remains constant. Consequently, with the addition of salt, much fewer monomers will be present in the solution in equilibrium with micelles. Although from the data, it appears that NaCl decreases the surface excess concentration of CTAB, the precise factor of 2 decrease suggests that it can be the result of ion-pair formation, which makes the ionic surfactant in the presence of salt behave more like a nonionic surfactant. Our SFG results confirm this hypothesis by showing that the surface concentration of CTAB does not change significantly upon the addition of salt.

From the DST data of pure ionic surfactant solutions, we show, by using the Ward and Tordai model, that the adsorption kinetics is controlled by a diffusion mechanism, and that the rate depends specifically on the concentration of monomers in bulk. We show that the addition of salt slows down the adsorption dynamics very strongly. As soon as the concentration exceeds the CMC, its effect on the DST becomes much smaller, indicating that the dynamics of the micelles do not contribute very much to the DST. The existence of an adsorption barrier has previously been proposed as a possible rate-limiting step for the adsorption of surfactants; however, its origin remains debated. There have been various propositions, including the electrostatic repulsion between surfactants, or between interfacial water molecules and the surfactant molecules, the orientation of molecules before adsorbing to the interface, and steric repulsion by molecules already adsorbed at the interface.^[@ref3],[@ref47],[@ref48]^ However, our surface excess measurements supported by SFG data suggest that high salt concentration leads to the formation of ion pairs between the excess anions and the CTAB molecules, which leads to neutralization of charges. This rules out the possibility that an electrostatic barrier is playing a role in slowing down the monomer adsorption to the interface. The equilibrium surface tension data rather show that the CMC decreases significantly, which effectively decreases the number of monomer molecules. This depletion in the number of molecules eventually makes the dynamics slow.

For nonionic surfactant Tween 80, the rate of adsorption is already very slow, and the addition of salt does not change the time scale. Here, the equilibrium surface tension data showed that NaCl does not affect the CMC of Tween 80 either. Consequently, the slow dynamics in case of Tween 80 can also be explained by the very low CMC, which leads to existence of very small number of monomers compared to pure CTAB solutions but similar to the CTAB + NaCl case (i.e., ion pairs formation). To confirm this, we plot the data points corresponding to CTAB + NaCl along with the pure CTAB, and we observe that they fall right on the trend line.
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